‘ ! ! . LLNL-PROC-660406

LAWRENCE
LIVERM ORE
NATIONAL

womron | DyNamic Control of the Polarization of
Intense Laser Beams Using Optical Wave
Mixing in Plasmas

P. A. Michel, L. Divol, D. P. Turnbull, J. D. Moody

September 16, 2014

Dynamic control of the polarization of intense laser beams
using optical wave mixing in plasmas

New Orleans, LA, United States

October 26, 2014 through October 31, 2014




Disclaimer

This document was prepared as an account of work sponsored by an agency of the United States
government. Neither the United States government nor Lawrence Livermore National Security, LLC,
nor any of their employees makes any warranty, expressed or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Reference herein
to any specific commercial product, process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States government or Lawrence Livermore National Security, LLC. The views and opinions of
authors expressed herein do not necessarily state or reflect those of the United States government or
Lawrence Livermore National Security, LLC, and shall not be used for advertising or product
endorsement purposes.



Dynamic Control of the Polarization of Intense Laser
Beams Using Optical Wave Mixing in Plasmas

P. Michel, L. Divol, D. Turnbull & J.D. Moody

Lawrence Livermore National Laboratory ¢ National Ignition Facility & Photon Science

This work performed under the auspices of the U.S. Department of Energy by Lawrence Livermore National Laboratory under Contract DE-AC52-07NA27344



* The polarization of a “probe” laser beam can be modified by optical mixing
with another “pump” laser beam in a plasma

Introduction / Summary

* The polarization modification arises from modifications of the beam’s
amplitude (energy transfer), phase (plasma birefringence) — or both

» This could be applied to the design of novel photonics devices with
applications such as ultra-fast polarization switching, in-situ polarization
smoothing etc.

a) plasma polarizer: b) plasma waveplate:
oW, = w, + kic * Wy = W
« extinction ratio: exp[-21m(g)a,k,L] Lo 4, T X#ol/Z (I 74)

CdQ-hH)m? g 1 (112)
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The coupling between two lasers with arbitrary “

polarizations is described using Jones formalism

Definitions (E-fields’ envelopes):
*a, = “pump” beam
*a, = “probe” beam

A * T, = projection of ayin (py, s,)
a, (probe’s plane of polarization)

Py Jones formalism:

aa, O .
|a0>:8a(;p;’ <a0|:(a0p ay,), P <a0|a0>:|ao|2

=ig*<,00|a1>|,00>
=ig(P1|ay)|P1)

where y is the plasma response to the beat wave: g_§1 c(l+c)
+c,+

Maxwell equations + linearized Vlasov —

sm(y [2)tan(y /2)

The problem is described by a system of four coupled equations (p&s

components for each beam), coupled via the refractive index modulation




The system can be analytically solved in the -’\

undepleted pump approximation (probe << pump)

ﬂz
ﬂz

a1>:ij (Pola)|Po)  Undepleted pump: [a,(2)) , |ag) = constant (ja,[<[a )
ao> = lg<p1‘a0>‘p1>

- equation for the probe: T |a¢)=M,|a) where M, =ig

Po{p,| (2x2 matrix)
Solution for propagation from z=0to z=L : diagonalization + exponentiation of M, =

(L= Reg)g *PY o kLl 0 ER(%»al(o»

1. R(6,) :rotation matrix by 6, (Zangle between p, and
T,): change of basis (p;, $;) 2 (T,py)

2. a,,is multiplied by expliy’|m,|’k,L] , a,, iS unaffected
3. rotate back to (py, sy)

The probe component a,, parallel to &, is modified by the interaction

(amplitude and phase, depending on whether yis complex or real)



The nature of the probe modification (phase vs.
amplitude) depends on the wavelength difference
between pump and probe
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vi,=(0,-0,)/|ky-k,| = phase velocity
of the beat wave

¢, = plasma sound speed

Two notable regimes:

* v,~=*c, yis purely imaginary, = amplitude of a,, is modified (pump-probe energy
exchange)



The nature of the probe modification (phase vs.
amplitude) depends on the wavelength difference
between pump and probe
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v (a.u.)

vi,=(0,-0,)/|ky-k,| = phase velocity
of the beat wave

¢, = plasma sound speed

Two notable regimes:

* v,~=*c, yis purely imaginary, = amplitude of a,, is modified (pump-probe energy
exchange)

* v,~0: yis purely real, = phase of a,, is modified (induced- plasma birefringence)



o, =w,%x |Kky-Kk,|c, (“non-degenerate wave-mixing”): -)“F\

energy transfer between the pump and a,,

phase of a, is constant; field
vector evolves along dotted
line
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After propagation distance L: (assume linearly polarized probe)
+ amplitude is modified from a,(0) to a,(L):

a,(L) = a,(0)exp& Im(g)|oy|" &, LE

* polarization direction is rotated from 0,(0) to 0,(L):

g(L)=q,- atan%- oSl tan (g, - g4 0))8

Consequence: cross-beam energy transfer between arbitrarily polarized beams

can lead to polarization rotation



Application of the non-degenerate case (v,~*c,): -

plasma polarizer

Pick v,=-c, (energy transfer probe = pump): a,, component vanishes
& polarizer along p, with extinction ratio u=exp[-2Im(y)| 7,k L]
most efficient configuration: s-polarized pump (z,=a,)

Example:

typical ICF/HED laser/plasma conditions: Te=3 keV, Ti=1 keV, 2,=351 nm, n_=0.1n,
pump intensity I,=10'> W/cm?, propagation length = 300 um
- extinction ratio = 10°

Non-degenerate wave-mixing can be used to design very efficient plasma

polarizers



®,=0, (“degenerate wave-mixing”): no energy transfer but

phase retardation of a,, w.r.t. a,,: plasma birefringence
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If ®=w,: Re[y]>0, = a,, is retarded with respect to a,;,

- The pump’s electric field breaks the optical isotropy of the plasma, similar
to anisotropic binding forces between atoms in a crystal

—ph — n,
Fast and slow refraction indices: | =/ —,/1- .
hslow :hO g'+gcos(y /Z)WOFE

A “pump+plasma” system can act like a birefringent medium for a probe

laser beam



Application of the degenerate case (o,=m,): plasma -/‘

waveplate

Interaction length required for a quarter (A/4) or half (A/2) plasma waveplate:

L= /o
2|o,|° hgcos(y /2)
Note: if ZT/T;»1, then L&T,/(L,,,, X n,)

112 (/14)
1 (/12)

N\
s 7
~

Example:

« T,=3keV, T;=1keV, A;=351 nm,
n=0.1n., I,=10!1° W/cm?

* s-polarized pump, probe linearly
polarized at 45° from the pump

Polarizers and wave-plates constitute the basic building blocks for other
active or passive optics devices (rotators, Pockel cells etc.)

* In aplasma: response time can be ultra-fast (sub-ps)



Conclusion / Summary

* non-degenerate wave-mixing with o,=w,%x|ky-k,|c,; amplitude modification of
a,, (probe component parallel to the pump); application: plasma polarizer

» degenerate wave-mixing (o,=w,): the phase of a,, is retarded w.r.t. a;, (plasma
birefringence); application: plasma waveplate

* such plasma devices are resistant to high laser fluxes (unlike crystals) and
can have ultra-fast response times (sub-ps)

a) plasma polarizer: b) plasma waveplate:
* W, = Wy + Kic, *Wp =W

« extinction ratio: exp[-2Im(g)a,?k,L] o= A Lx#"l/z (I /4)
Q@-hiyme g 1 (1/2)
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